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Reviewer 1

Are you able to assess all statistics in the manuscript, including the appropriateness of statistical tests used?
No, I do not feel adequately qualified to assess the statistics.

Comments to author:

In this manuscript, Ding and co-workers describe a new approach to genome-wide RNA structure probing. The authors perform in vivo Selective 2'-Hydroxyl Acylation analysed by Primer Extension (SHAPE) analysis on Arabidopsis seedlings using 2-methylnicotinic acid imidazolide (NAI), a chemical that allows probing of all nucleotides. This contrasts with the more widely used dimethyl sulfate (DMS) method, which only provides structure information of As and Cs.
The study compares the RNA structurome of nuclear and cytoplasmic cellular fractions, revealing marked differences that suggest important roles for RNA secondary structures in key biological processes. For example, exons are found to be more accessible in RNAs in the cytoplasm, thereby presumably allowing access to the translation machinery. Moreover, single-stranded RNA structures at 5' splice sites and branch sites can be important for mRNA splicing and alternative splicing, as demonstrated with transient assays in tobacco leaves using an exon-intron junction of a particular gene. Structure elements surrounding polyadenylation signal motifs and polyadenylation sites are also described.
The manuscript is well written and reports a solid body of data that provides important new insight into how RNA structure influences basic molecular processes in the plant cell. The most striking concern is that the global functional significance of structure elements at the 5' splice site in mRNA splicing is supported solely by a single example. This and other suggested improvements are listed below.

1. To strengthen the claim of a general role in splicing for single strandedness at the 5' splice site, functional validation of additional intron-exon splicing events should be presented.
2. Lines 816-818: The SHAPE treatment description in the legend of Figure 1 is confusing. It should be made more clear that deproteinized samples are only treated with NAI after nuclei isolation.

Minor comments:
3. In panel a of Figure S3, nucleotide modification differences are hard to follow. This could be improved by including the percentage values within the bars.
4. Lines 88 and 89: provide the full names of nucleotides for the abbreviations As, Cs etc.
5. Typo in Line 198: "reactivits"
6. Lines 569 and 891: "semi-qPCR" should be "semiquantitative RT-PCR".


Reviewer 2

Are you able to assess all statistics in the manuscript, including the appropriateness of statistical tests used? 
No, I do not feel adequately qualified to assess the statistics.
Comments to author:
Liu et.al use chemical probing (SHAPE) to probe the genome-wide nuclear and cytoplasmic structures of  Arabidopsis with and without proteinase treatment.
Their main claims are
1.     Nuc-SHAPE generates in vivo RNA structure landscape with high accuracy.
2.     Nuclear structures are globally different than cytosolic structures
3.     2-nt single stranded RNA is present upstream at splice sites (ss) and sufficient to regulate splicing
4.     The polyadenylation signal (PAS) and poly(A) sites are generally open and that promotes recognition.  

These claims are of broad interest but I find that the data is weak, the necessary controls are not included, and the conclusions are not adequately supported. Here are main specific concerns for each of the above four claims.

(1).  There isn't convincing evidence that the RNA structure models are highly accurate or reproducible. The authors show good data for very abundant, extremely structured RNAs (U1, U12).  There are no positive control mRNA structures and positive control structures in low abundant messages.

The authors need to provide justification for using the coverage cut off they did.

Some essential comparisons and data quality metrics are missing:
-     The Pearson correlation of the SHAPE signal for replicates across each message (or a given window of nucleotides) as a function of the massage abundance; that would be one way to choose an appropriate threshold for the minimum coverage.
-     The Pearson correlation of the SHAPE signal per message (or window) plotted for in vivo vs untreated, biological replicates, and nuclear vs cytoplasmic RNAs.

(2).  This claim has very little support. The authors are averaging thousands of messages and find that one condition (nuclear vs cytoplasmic) gives them something on the order of 0.01-0.05 signal difference in average SHAPE reactivity (Fig2). That could easily be an artifact (e.g. RNA binding proteins that they didn't manage to get rid of during the proteinase treatment or simply a reproducibility artifact). For comparison, in Fig 1., the authors bin all reactivates that fall between 0.0 and 0.3 as a single color (green) to suggest that bases with signal between 0.0 and 0.3 are equivalent. However, in  Fig2 the authors claim that 0.05 differences in signal is important and enough for a major result of their paper (i.e nuclear structure is different than cytoplasmic). The argument is not convincing.   Further, it is very strange that the coding sequence close to the 5'UTR behaves differently than the coding sequence close to the 3'UTR, this doesn't make biological sense.

-     Fig 4a shows the reactivity of 70nt region in AT5G56870. There appears to be only 1 or 2 bases reactive and these bases are hyper reactive. This doesn't look like a structure profile; it looks like a profile of two hyper reactive bases. Are the authors suggesting that all the rest 68nt are paired? Where is the structure model for the wt gene in a window of 100-200nt ? Are these structures supported by other metrics such as evolutionary conservation or thermodynamic stability (e.g. ScanFold) ?
-     Fig 4b is interesting but a big conclusion is made based on too few experiments. For example, the authors didn't mutate any bases upstream of the GAG. This experiment requires a high throughput mutagenesis and testing multiple messages in order to conclude that the two nucleotides upstream of the ss are most important for regulating splicing, which seems unlikely to be generally true. The contribution of the surrounding sequence and structure must be rigorously tested by mutagenesis and splicing assay of multiple messages.
-     Fig.S7 - the authors clam there is no sequence difference of the splicing motifs but that is a subjective claim. The authors make a big deal out of differences in SHAPE signal of 0.05 but there is an equivalent amount of sequence variation, for example in S7a, the bottom (unspliced) events have an enrichment for AC that is not present in the top GU (spliced) sites.

(4) It is difficult to make conclusions out of these results. For example, the authors show in Fig. 5g that indeed 20/26% of the PAS site and PolyA sites are in stems. Are these sites less functional or are these sites equally good motifs as the ones that are in loops? Also fig.5a,  why do the control sites have lower SHAPE reactivity baseline than any of the PolyA sites?  The control sites control for sequence, they should have the same baseline, unless there is protein contamination or something else not structure (perhaps not enough sites were used in each bin to accurately reflect the average behavior), which is creating a higher SHAPE baseline for the polyA sites. The presence of multiple potential artifacts make it difficult, or impossible, to interpret the "bump" in SHAPE reactivity.

Authors Response
Point-by-point responses to the reviewers’ comments: 
Reviewer #1:
In this manuscript, Ding and co-workers describe a new approach to genome-wide RNA structure probing. The authors perform in vivo Selective 2'-Hydroxyl Acylation analysed by Primer Extension (SHAPE) analysis on Arabidopsis seedlings using 2-methylnicotinic acid imidazolide (NAI), a chemical that allows probing of all nucleotides. This contrasts with the more widely used dimethyl sulfate (DMS) method, which only provides structure information of As and Cs.
The study compares the RNA structurome of nuclear and cytoplasmic cellular fractions, revealing marked differences that suggest important roles for RNA secondary structures in key biological processes. For example, exons are found to be more accessible in RNAs in the cytoplasm, thereby presumably allowing access to the translation machinery. Moreover, single-stranded RNA structures at 5' splice sites and branch sites can be important for mRNA splicing and alternative splicing, as demonstrated with transient assays in tobacco leaves using an exon-intron junction of a particular gene. Structure elements surrounding polyadenylation signal motifs and polyadenylation sites are also described.
The manuscript is well written and reports a solid body of data that provides important new insight into how RNA structure influences basic molecular processes in the plant cell. The most striking concern is that the global functional significance of structure elements at the 5' splice site in mRNA splicing is supported solely by a single example. This and other suggested improvements are listed below.
Response:
We thank the Referee for their appreciation that: “The manuscript is well written and reports a solid body of data that provides important new insight into how RNA structure influences basic molecular processes in the plant cell”. We welcome their constructive suggestions to help us improve our manuscript. We have made all the suggested improvements as follows:
1.	To strengthen the claim of a general role in splicing for single strandedness at the 5' splice site,
functional validation of additional intron-exon splicing events should be presented.
Response:
We thank the referee for this suggestion. We have performed the same functional validation on two additional genes AT1G08450 and AT3G08930 (Rebuttal Figure 1 (New Figure S10)). Moreover, as suggested by reviewer #2, we have also designed more mutations upstream the 5’ splice site (5’ss) to strengthen our conclusions (Rebuttal Figure 1 (New Figure S10), Rebuttal Figure 2b,d (revised Figure 4b,d)). For all these three genes (AT5G56780, AT1G08450 and AT3G08930), only the mutations which led to the single-strandedness at -1 and -2 positions of 5’ss can significantly restore the splicing events (Rebuttal Figure 1 (New Figure S10), Rebuttal Figure 2b,d (revised Figure 4b,d)). Hence, our results confirmed that the two-nucleotide single-stranded RNA structure feature at -1 and -2 positions upstream of 5’ss is sufficient to regulate splicing.
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Rebuttal Figure 1 (new Figure S10). The two-nucleotide single-stranded RNA structure feature at -1 and -2 nt positions upstream of 5’ss can regulate splicing on the genes AT1G08450 and AT3G08930
a,b, Schematic of experimental design to validate the effect of single-strandedness at the -1 and -2 positions of 5’ss on splicing of AT1G08450 (a) and AT3G08930 (b). A short sequence (blue) was inserted immediately upstream of the U1 snRNA binding site (red dashed box) to form a stable hairpin structure with the whole U1 binding site completely base-paired. The exon and intron sequences are colored in black and grey, respectively. A series of mutations were introduced at different positions of the inserted sequence to disrupt the base-pairing status of different nucleotides. Two types of mutations (with/without brackets) were designed for each position to avoid potential effects due to changing the sequence content. We introduced only one type of mutation for mutation-3 “GG” in AT3G08930, because the corresponding thermodynamic structure prediction shows that other types of mutations will lead to alternative long-distance interactions with flanking sequence content. c,d, Determination of splicing events by transient expression assay in Nicotiana benthamiana. The spliced and unspliced products were distinguished by semiquantitative RT-PCR using the same pair of primers located upstream and downstream of the intron. Spliced and unspliced products are indicated by bands with different sizes. The splicing events of AT1G08450 (c) and AT3G08930 (d) are shown. The constructs with native sequences were successfully spliced (lane 1). The splicing was completely inhibited in the stem design (lane 2). The mutations disrupted the base-pairing status at -1 and -2 positions upstream of 5’ss (Mutation-1) and rescued the splicing (lane 3 and 4). All other mutations (Mutation 2-10) did not rescue the splicing (lanes 5-22).
[image: ]
Rebuttal Figure 2 (Revised Figure 4, b,d panels have been revised according to our additional experimental design; a,c panels are the same with the original figure). The two-nucleotide single-stranded RNA structure feature at -1 and -2 nt positions upstream of 5’ss can regulate splicing. a, SHAPE reactivity profiles across 5’ss of the first intron of AT5G56870. High SHAPE reactivities are observed at -1 and -2 nt positions (shaded in yellow) upstream of 5’ss under both in vivo (top) and deproteinized (bottom) conditions, which resemble the global SHAPE reactivity profiles for spliced events. b, Schematic of experimental design to validate the effect of single-strandedness at the -1 and - 2 positions of 5’ss on splicing of the first intron of AT5G56870. A short sequence (blue) was inserted immediately upstream of the U1 snRNA binding site (red dashed box) to form a stable hairpin structure with the whole U1 binding site completely base-paired. The exon and intron sequences are colored in black and grey respectively. A series of mutations were introduced at different positions of the inserted sequence to disrupt the base-pairing status of different nucleotides. Two types of mutations (with/without bracket) were designed for each position to avoid potential effects due to changing the sequence content. c,d Determination of splicing events by transient expression assay in Nicotiana benthamiana. The spliced and unspliced products were distinguished by semiquantitative RT-PCR using the same pair of primers located upstream and downstream of the intron. Spliced and unspliced products are indicated by bands with different sizes. The construct with native sequence was successfully spliced (lane 1). The splicing was completely inhibited in the stem design (lane 2). The mutation “AA” or “GG” disrupted the base-pairing status at -1 and -2 positions upstream of 5’ss (Mutation-1) and rescued the splicing (lane 3 and 4). All other mutations (Mutation 2-10) designed to disrupt other base-pairing sites across the U1 binding site did not rescue the splicing (lanes 5-22). Lane 23, the DNA marker.
2. Lines 816-818: The SHAPE treatment description in the legend of Figure 1 is confusing. It should be made more clear that deproteinized samples are only treated with NAI after nuclei isolation. 
Response:
We thank the referee for this suggestion. We have revised the manuscript on line 850-851 to:
“SHAPE treatment was also applied on the RNAs after nuclei isolation and protein removal”.
Minor comments:
3.	In panel a of Figure S3, nucleotide modification differences are hard to follow. This could be improved by including the percentage values within the bars.
Response:
We thank the referee for this suggestion. We have added the percentage values in the panel a
of Figure S3 in our revised manuscript accordingly.
4.	Lines 88 and 89: provide the full names of nucleotides for the abbreviations As, Cs etc.
Response:
We thank the referee for this suggestion. We have added the full name of each nucleotide in
our revised manuscript, accordingly.
5.	Typo in Line 198: "reactivits"
Response:
We apologize for this typing error, which we have corrected in our revised manuscript.
6.	Lines 569 and 891: "semi-qPCR" should be "semiquantitative RT-PCR".
Response:
We thank the referee for this suggestion. We have changed "semi-qPCR" to "semiquantitative
RT-PCR" in our revised manuscript, accordingly.

Reviewer #2:
Liu et.al use chemical probing (SHAPE) to probe the genome-wide nuclear and cytoplasmic structures
of Arabidopsis with and without proteinase treatment.
Their main claims are
1.	Nuc-SHAPE generates in vivo RNA structure landscape with high accuracy.
2.	Nuclear structures are globally different than cytosolic structures
3.	2-nt single stranded RNA is present upstream at splice sites (ss) and sufficient to regulate splicing
0.	The polyadenylation signal (PAS) and poly(A) sites are generally open and that promotes recognition.
These claims are of broad interest but I find that the data is weak, the necessary controls are not included, and the conclusions are not adequately supported. Here are main specific concerns for each of the above four claims.
Response:
We thank the Referee for their appreciation that our work is: “.....of broad interest”. We are grateful for the referee’s constructive suggestions to help us strengthen our manuscript. We have fully addressed all their comments by undertaking extensive new experiments and new data analysis as follows.
(1) There isn't convincing evidence that the RNA structure models are highly accurate or reproducible. The authors show good data for very abundant, extremely structured RNAs (U1, U12). There are no positive control mRNA structures and positive control structures in low abundant messages.
Response:
U1 and U12 snRNA are two constitutively expressed RNA molecules in the nucleus. Their secondary structures are well documented in many previous studies [1, 2]. The structure of U1 and U12 snRNA are conserved among different species and are stably folded in living cells [1, 2]. Thus, we selected U1 and U12 snRNA as positive controls for our nuclear RNA secondary structure probing.
Following the Referee’s suggestions, we have also now included mRNA structures as additional positive controls, alongside U1 and U12 snRNAs. We have added the TPP (thiamin pyrophosphate) riboswitch on the pre-mRNA of Arabidopsis THIC gene as an additional positive control for our in vivo nuclear mRNA structure probing (Rebuttal Figure 3, new Figure S6). The TPP riboswitch is an evolutionarily conserved RNA structure among many different plant species [3]. Our in vivo SHAPE reactivities agree well with the evolutionary conserved structure of the TPP riboswitch (Rebuttal Figure 3, new Figure S6). Moreover, we also added the secondary structures of the 5’UTR regions for two Arabidopsis mRNAs, PSBA (ATCG00020) and GRP3S (AT2G05380) as additional positive controls for cytosolic mRNA structure probing (Rebuttal Figure 3, new Figure S6). These two in vivo secondary structure models of PSBA and GRP3S were determined by other in vivo RNA structure probing methods (DMS/SHAPE-RT and DMS/SHAPE-LMPCR) from a previous study [1]. Both DMS/SHAPE-RT and DMS/SHAPE-LMPCR were designed for individual RNA structure probing [1]. As shown in Rebuttal Figure 3, the SHAPE reactivity profiles from our genome-wide study agree very well with those previously published RNA structure models. All these positive controls provide further support to our conclusion that our new method can accurately capture the in vivo structure information of mRNAs.
[image: ]

[image: ]
Rebuttal Figure 3 (new Figure S6). Comparison of SHAPE reactivity profiles with previously published mRNA secondary structure models.
a, The evolutionary conserved RNA secondary structure model of Arabidopsis THIC pre-mRNA (TPP (thiamin pyrophosphate) riboswitch) before splicing [3]. In vivo SHAPE reactivity values from our Nuc-SHAPE-Structure-Seq agree well with the structure model. Nucleotides were colour-coded according to in vivo SHAPE reactivity values (SHAPE reactivity 0.6-1.0 marked in red, 0.3-0.6 marked in yellow, 0-0.3 marked in green). b, A in vivo RNA secondary structure model in the 5’UTR of Arabidopsis chloroplast gene PSBA (ATCG00020). SHAPE reactivity values from our SHAPE-Structure-Seq agree with the previously-identified structure model. The AU-box (denoted by circled nucleotides) was found to be single-stranded, which is consistent with previous study [1]. c, A in vivo secondary structure model in the 5′UTR of Arabidopsis GRP3S (AT2G05380) determined by DMS-LMPCR in a previous study [1]. SHAPE reactivity values from our SHAPE-Structure-Seq agree with the structure model.
The authors need to provide justification for using the coverage cut off they did. Some essential comparisons and data quality metrics are missing:
-	The Pearson correlation of the SHAPE signal for replicates across each message (or a given window of nucleotides) as a function of the massage abundance; that would be one way to choose an appropriate threshold for the minimum coverage.
-	The Pearson correlation of the SHAPE signal per message (or window) plotted for in vivo vs untreated, biological replicates, and nuclear vs cytoplasmic RNAs.
Response:
We thank the referee for these suggestions and have added the essential comparisons and data quality metrics, accordingly.
We have calculated the Pearson correlation coefficient (PCC) of the SHAPE signal between replicates for each mRNA and plotted the corresponding average PCC as a function of the RT-stop read coverage (RT-stop counts per nucleotide) (Rebuttal Figure 4, new Figure S5). The PCC values increase when the RT-stop read coverage increases (Rebuttal Figure 4, new Figure S5). The average PCC values are 0.71 and 0.75 for mRNAs with more than one RT-stop count per nucleotide in in vivo nuclear and cytosolic SHAPE libraries, respectively (Rebuttal Figure 4, new Figure S5), which indicates that SHAPE signals of mRNAs with the cut-off of over one RT-stop count per nucleotide, provide high correlation between different replicates.
Furthermore, we have also calculated the Pearson correlation coefficient (PCC) of the RT-stop counts of each transcript for SHAPE treated vs no-SHAPE treated libraries, biological replicates, and nuclear vs cytosolic mRNAs (Rebuttal Figure 5). High correlations (average PCC=0.71 for nuclear SHAPE libraries and 0.75 for cytosolic SHAPE libraries) were observed between the two replicates of SHAPE treated libraries, which again indicates the high reproducibility of SHAPE signals between the biological replicates. In contrast, very low correlations were observed between SHAPE treated and untreated libraries (average PCC=0.31 for nuclear SHAPE libraries and 0.38 for cytosolic SHAPE libraries), which indicates the specificity of SHAPE modification. The correlations of SHAPE signals between nuclear SHAPE libraries and cytosolic SHAPE libraries (average PCC = ~0.64) were significantly lower than SHAPE signals between the replicates (average PCC=0.71 and 0.75), which agrees with our observation of global structural differences between nuclear and cytosolic mRNAs (Rebuttal Figure 5).
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Rebuttal Figure 4 (new Figure S5). Average Pearson correlation coefficient (PCC) of the
SHAPE signals between the two biological replicates for both in vivo nuclear and cytosolic SHAPE libraries for mRNAs with different RT-stop reads counts.
Average Pearson correlation coefficient (PCC) values are shown for transcripts with different sequencing depth (reverse transcription stop (RT-stop) counts per nucleotide) in both in vivo nuclear (a) and cytosolic SHAPE libraries (b).
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Rebuttal Figure 5. Average Pearson correlation coefficient (PCC) of RT-stop counts profiles between different libraries.
The PCC (Pearson correlation coefficient) of RT-stop counts of mRNAs with more than one RT-stop count per nucleotide was calculated between in vivo SHAPE treated vs no-SHAPE treated libraries, between two replicates of in vivo SHAPE treated libraries and between nuclear SHAPE libraries and cytosolic SHAPE libraries. The PCC distributions of each comparison were shown.
(2) This claim has very little support. The authors are averaging thousands of messages and find that one condition (nuclear vs cytoplasmic) gives them something on the order of 0.01-0.05 signal difference in average SHAPE reactivity (Fig2). That could easily be an artifact (e.g. RNA binding proteins that they didn't manage to get rid of during the proteinase treatment or simply a reproducibility artifact). For comparison, in Fig 1., the authors bin all reactivates that fall between 0.0 and 0.3 as a single color (green) to suggest that bases with signal between 0.0 and 0.3 are equivalent. However, in Fig2 the authors claim that 0.05 differences in signal is important and enough for a major result of their paper (i.e nuclear structure is different than cytoplasmic). The argument is not convincing. Further, it is very strange that the coding sequence close to the 5'UTR behaves differently than the coding sequence close to the 3'UTR, this doesn't make biological sense.
Response:
We thank the referee for their comment.
The average SHAPE reactivity comparison in Figure 2a allowed us to directly compare the global difference between nuclear mRNAs and cytosolic mRNAs, which further led us to compare the SHAPE reactivity difference for different genic regions (Figure 2b,c). These comparisons provide us with a general view of the overall SHAPE reactivity differences between nuclear and cytosolic mRNAs, which is quite common for meta-gene analysis of global RNA structure features [4-6]. While the order of SHAPE reactivity difference has a small numeric value, our statistics test demonstrates a strongly significant difference in the values.
In Figure 1, we colour-coded different SHAPE reactivity values. Since RNA structure is dynamic, the range of SHAPE reactivity reflects the different degrees of single-strandedness of nucleotides. A high reactivity denotes the nucleotide which is likely to be more single-stranded, whereas a low reactivity denotes the opposite. We coded the SHAPE reactivity range (0-0.3) with the same colour as a means to visually present our data in a more accessible way that highlights the range of SHAPE reactivity for one particular RNA, and does not set a cut-off threshold for further analysis.
As shown in Figure 2, we observed higher SHAPE reactivities upstream of start codons, lower SHAPE reactivities downstream of start codons, and higher SHAPE reactivities at stop codons in our cytosolic SHAPE-Structure-Seq libraries (Figure 2c,d). These RNA structural features were also observed in previous studies [4, 7-9]. We acknowledge the referee has raised an interesting question: the biological interpretation of the SHAPE reactivity features observed near translation start and stop codons. High accessibility at the nucleotides immediately upstream of the start codon was reported to have a major role in regulating translation efficiency [10, 11]. A previous in vitro study suggested that mature mRNAs might require strong structures downstream of the start codon for increasing the 40S subunit “dwell time” [12]. Lower SHAPE reactivities downstream of start codons implied that stronger structures downstream of the start codon might relate to ribosome pausing in vivo. The single-stranded RNA structure feature at the stop codon was also observed in a previous RNA structure study and was suggested to facilitate translation termination [13]. Further studies could investigate these tentative biological functions in detail.
-	Fig 4a shows the reactivity of 70nt region in AT5G56870. There appears to be only 1 or 2 bases reactive and these bases are hyper reactive. This doesn't look like a structure profile; it looks like a profile of two hyper reactive bases. Are the authors suggesting that all the rest 68nt are paired? Where is the structure model for the wt gene in a window of 100-200nt ? Are these structures supported by other metrics such as evolutionary conservation or thermodynamic stability (e.g. ScanFold) ?
Response:
We thank the referee for their comments.
SHAPE reagent modifies single-stranded nucleotides. Therefore, if a nucleotide is base paired, the SHAPE reactivity value tends to be equal or close to “0”. Since RNA structure is dynamic, the range of SHAPE reactivity reflects the different degrees of single-strandedness of nucleotides. Therefore, smaller SHAPE reactivity values flanking the 5’ss represent relatively small probability of SHAPE modification. Following the Referee’s suggestion, we plotted the SHAPE reactivity profile from -50 to +50 (Rebuttal Figure 6). The upstream of the exon-intron junction are more single-stranded as compared to the region across the exon-intron junction (Rebuttal Figure 6). We have also followed the referee’s suggestion and predicted the thermodynamically stable RNA structure model (Minimum Free Energy (MFE) RNA structure) (Rebuttal Figure 7a). As shown, the -1 and -2 positions of 5’ss are single- stranded in the MFE RNA structure model (Rebuttal Figure 7a), which agrees with the higher SHAPE reactivity values.
Moreover, we have assessed the conservation of the RNA structure model across 5’ss. We have extracted the sequence information of different plant species (Arabidopsis thaliana, Arabidopsis halleri, Arabidopsis lyrata, Brassica oleracea, Brassica rapa and Raphanus sativus) from Ensembl Plants and NCBI nt/nr database. As shown in Rebuttal Figure 7b, the stem structures surrounding 5’ss shows very high sequence conservation among different species. Notably, two of the few sequence variations display GU-AU or AU-GU base-pairing alterations, which does not disrupt the stem structure (Red arrows in Rebuttal Figure 7b), further suggesting the conservation of the structure. These results suggest the stem structure surround 5’ss is likely to be evolutionarily conserved among these species.
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Rebuttal Figure 6. SHAPE reactivity profiles across the 5’ss of the first intron of AT5G56870.
[image: ]
Rebuttal Figure 7. Thermodynamically stable RNA structure model across the 5’ss of AT5G56870 intron 1 and sequence conservation analysis across the 5’ss.
a, The minimum free energy (MFE) RNA structure model was generated for the exon-intron region of AT5G56780 intron 1 by using ViennaRNA Package [14]. The unpaired probability values are colour-coded and aligned to the MFE RNA structure model. Different colours on different nucleotides represent the probability values of being unpaired. 5’ss and the stems were denoted. b, Multiple sequence alignment is shown for the exon-intron region of AT5G56780 intron 1. The black boxes indicated the regions folded into stems in the MFE RNA structure model of Arabidopsis thaliana as shown in (a) panel. Red arrows denote the sequence variations showing GU-AU or AU-GU base-pairing alteration, which does not disrupt the stem structures.
-	Fig 4b is interesting but a big conclusion is made based on too few experiments. For example, the authors didn't mutate any bases upstream of the GAG. This experiment requires a high throughput mutagenesis and testing multiple messages in order to conclude that the two nucleotides upstream of the ss are most important for regulating splicing, which seems unlikely to be generally true. The contribution of the surrounding sequence and structure must be rigorously tested by mutagenesis and splicing assay of multiple messages.
Response:
We thank the referee for their suggestions. We have performed extensive new experiments by adding the same functional validations for two additional genes AT1G08450 and AT3G08930 (Rebuttal Figure 1 (New Figure S10)). Moreover, following the Referee’s suggestions, we have also designed mutations on more positions including nucleotides upstream of the GAG to assess their effects on splicing (Rebuttal Figure 1 (New Figure S10), Rebuttal Figure 2b,d (Revised Figure 4b,d)). For all these three genes, only the mutations which led to the single-strandedness at -1 and -2 positions of 5’ss can significantly restore the splicing events (Rebuttal Figure 1 (New Figure S10), Rebuttal Figure 2b,d (Revised Figure 4b,d)). Hence, our results confirmed that the two-nucleotide single-stranded RNA structure feature at -1 and -2 positions upstream of 5’ss is sufficient to regulate splicing.
-	Fig.S7 - the authors clam there is no sequence difference of the splicing motifs but that is a subjective claim. The authors make a big deal out of differences in SHAPE signal of 0.05 but there is an equivalent amount of sequence variation, for example in S7a, the bottom (unspliced) events have an enrichment for AC that is not present in the top GU (spliced) sites.
Response:
We thank the referee for their comment. In Figure S9 (original Figure S7), there is very minor sequence composition difference across splice sites between spliced and unspliced introns. For -1 and -2 positions, a conserved AG dinucleotide was observed for both spliced and unspliced introns. To further confirm our conclusion that the SHAPE reactivity difference at -1 and -2 position of 5’ss is not due to the sequence composition difference, we further compared the SHAPE reactivity between spliced and unspliced introns with the same 5’ss sequence (from -3 to +5 position) (Rebuttal Figure 8). Similarly, SHAPE reactivities at the -1 and -2 positions upstream of 5’ss were significantly higher in spliced events than those in unspliced events for each group with the same 5’ss sequence (Rebuttal Figure 8). Therefore, these results further confirmed our conclusions.
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Rebuttal Figure 8. SHAPE reactivity profiles across 5’ splice site of spliced and unspliced events with the same 5’ splice site sequences.
The three most frequently used 5’ splice site sequences (AAGGTAAT, GAGGTAAA and AAGGTAAG, from -3 to +5 positions of 5’ splice site) were used. SHAPE reactivity profiles of spliced and unspliced introns with exactly the same 5’ splice site sequence were plotted and compared. The -1 and -2 positions at 5’ splice site are highlighted in yellow.
(3) It is difficult to make conclusions out of these results. For example, the authors show in Fig. 5g that indeed 20/26% of the PAS site and PolyA sites are in stems. Are these sites less functional or are these sites equally good motifs as the ones that are in loops? Also fig.5a, why do the control sites have lower SHAPE reactivity baseline than any of the PolyA sites? The control sites control for sequence, they should have the same baseline, unless there is protein contamination or something else not structure (perhaps not enough sites were used in each bin to accurately reflect the average behavior), which is creating a higher SHAPE baseline for the polyA sites. The presence of multiple potential artifacts make it difficult, or impossible, to interpret the "bump" in SHAPE reactivity.
 
Response:
We thank the referee for this comment. Figure 5g shows the results of in silico prediction of RNA structure across poly(A) sites. Most of the PAS (polyadenylation signal, 80%) sites and cleavage sites (74%) were folded into single-stranded RNA structures while only a small proportion (20% for PAS sites, 26% for cleavage sites) folded as double-stranded stem structures. Many factors affect the poly(A) site selection, such as phase separation and Pol II pausing [15, 16]. Here, we showed that RNA structure is also associated with the selection of poly(A) sites for a large proportion of genes.
Figure 5a shows that sequence at cleavage sites and -20nt upstream of cleavage sites (corresponding to PAS sites) have significant higher average SHAPE reactivities than the flanking sequences, however, this significant structural feature was not observed in control sites. The population size (4,636 for in vivo condition and 5,354 for deproteinized condition) is high enough for reflecting the average behaviour. Similar SHAPE reactivity patterns were observed in our deproteinized library, indicating this SHAPE reactivity pattern was not due to protein contamination (Figure 5b). Thus, this RNA structure feature comprising two close-by single-stranded regions is associated with polyadenylation. The observation that SHAPE reactivities at control sites are relatively lower than poly(A) sites suggests that the 3’ end of nascent mRNA before polyadenylation occurs tends to be more accessible than other genic regions in living cells [17]. The more single-stranded region in the 3’ end of nascent mRNA before processing are required to facilitate the recruitment of 3’ processing machinery later [17]. Additionally, we would like to emphasize that our study revealed a strong association between RNA structure and poly(A) site selection. While RNA structure is likely to be one of the major factors, we acknowledge it is not the only factor affecting poly(A) site selection.
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Second round of review
Reviewer 2
Overall, the quality of the genome-wide data is low. In rebuttal Fig.5 the mean person correlation coefficient is ~ 0.7. This means that r2= 0.49, in other words the SHAPE signal variation in one biological sample explains only 49% of the signal variation in the other biological sample. The authors need to make sure that an RNA structure model constrained with these SHAPE data are reproducible. Importantly, the authors should compare 1. Genome-wide structure model at splice sites (or other sites of interest) generated with no SHAPE constrains to the same model generated with SHAPE constrains from biological replicate 1 and biological replicate 2. Would they get the same results as Main Fig3 using predicted structures with SHAPE constrains? It is key to demonstrate the results in Main Fig3 in a different way and to show that the SHAPE data is indeed essential for these results (i.e. that -1 and -2 nt positions are open for spliced events).
Figure 2A/B is not convincing and not appropriate for the point the authors are trying to make. By eye there is no difference in the average of the SHAPE reactivity in nuclear vs cytoplasmic(2A), and even if statistically significant, the difference is very small. This figure should be removed because nothing can be concluded from it. Even if there were a difference in the average SHAPE reactivity in all bases of all RNAs, that alone can have many interpretations (e.g. chemical reactivity differences in the nuclear and cytoplasmic, etc.). Indeed, structure changes don’t necessarily change the average signal, they change the specific distribution of the signal across nucleotides (as some bases become open in one structure but paired in another). Finally, as the distribution of signal is not well correlated between biological replicates (r2= 0.49), any small differences are meaningless.
The authors addressed some of my points but not all. The specific mutations they make are very clean and convincing, but it is in the context of an engineered stem loop not an endogenous one and in my view a single example is not enough to make genome-wide conclusions. Here are more specific points:
Fig. 5 a- why do the control lines look so flat and the base line is different than the test samples? The authors response was inadequate. In fig 2A/B the authors interpret a small difference in the average reactivity but in Fig.5a  the authors cannot account for a much larger difference between the base line of their control and their test samples? It seems the authors “cherry pick” which differences to interpret without good reasoning. These results also have no follow up and are based on averaging over many mRNAs, all the evidence for the polyA is weak and that should be a supplementary point.
Rebuttal Fig 6 and Fig7a did not address my concerns. In Fig.6 , why are all the bases -50 to -44 , with SHAPE signal of exactly 1.0? This doesn’t make sense unless the authors have cut off the y-axes scale or performed some normalization that caps the signal at 1.0 but that should be clearly stated and justified. Also, the region shown in 6a should correspond exactly to the region shown in 7a (which starts earlier at around -80nt). It is important to show the raw data for the very reactive loop at ~60nt as well.   Rebuttal
Fig.7a should be color coded by SHAPE reactivities, it doesn’t make sense to suddenly change the color scale and show purely computational prediction. It should be the same color scale as used in other figures (Main Fig 1-5, SHAPE scale) and the structure should be derived from the SHAPE data.
The conclusions derived from the specific mutations (Fig4) are interesting and exciting. However, the authors need to strengthen the data to support generalizing these results. For example, if they look at all the endogenously spliced events, exactly how many are predicted to have an open -1 and -2 nt positions? How many are outliers? Is there an explanation for the outliers? Inversely for the unspliced events. Fig3 currently provides weak evidence, showing that, on average, all spliced events tend to have higher SHAPE reactivity at the -1 and -2nt but how does this average break down to individual endogenous messages?


Authors Response
Point-by-point responses to the reviewers’ comments: 

[bookmark: _gjdgxs]Comment 1:
[bookmark: _ae2plg16vz0c]Overall, the quality of the genome-wide data is low. In rebuttal Fig.5 the mean person correlation coefficient is ~ 0.7. This means that r2= 0.49, in other words the SHAPE signal variation in one biological sample explains only 49% of the signal variation in the other biological sample.
[bookmark: _gk52koltds00]Response:
[bookmark: _yjva0egjhgxc]We understand the reviewer’s concern. There is a bit confusion regarding the previous rebuttal Fig.5 which was to show the PCCs of reverse transcription stops (RT-stops) between +SHAPE libraries and -SHAPE libraries and between the biological replicates. The +SHAPE libraries contains both SHAPE modification information and noise background (e.g. random reverse transcription stalling). Therefore, to derive the SHAPE signal (SHAPE reactivity), the noise background was subtracted from the +SHAPE libraries by using -SHAPE libraries as control. The average PCC values for this SHAPE signal (SHAPE reactivity) are 0.87 and 0.89 for mRNAs with more than one RT-stop count per nucleotide in in vivo nuclear and cytosolic SHAPE libraries, respectively (Rebuttal Figure 1 (revised Figure S5)), which indicates the high reproducibility of the SHAPE signals between biological replicates. Since the SHAPE reactivity eliminates noise background such as random reverse transcription stalling, the PCCs of the SHAPE reactivity is higher than the PCCs of RT-stop counts between biological replicates. We have revised previous Figure S5 to clarify this point (Rebuttal Figure 1 (revised Figure S5)).
[bookmark: _99nhkh5kfta6]
[bookmark: _f9lg8pva8mdg][image: ]
[bookmark: _uotid1umm0g]Rebuttal Figure 1 (revised Figure S5). Average Pearson correlation coefficient (PCC) of SHAPE reactivities between the two biological replicates of the in vivo nuclear and cytosolic SHAPE-Structure-Seq libraries for mRNAs with different RT-stop reads counts.
[bookmark: _nftgj2ezq67i]Average Pearson correlation coefficient (PCC) values are shown for transcripts with different sequencing depth (reverse transcription stop (RT-stop) counts per nucleotide) in both in vivo nuclear (a) and cytosolic SHAPE-Structure-Seq libraries (b). The dash lines indicate the threshold of more than one RT-stop count per nucleotide.
[bookmark: _ershrvze9aq7]
[bookmark: _4gp9l4huo3er]The authors need to make sure that an RNA structure model constrained with these SHAPE data are reproducible. Importantly, the authors should compare 1. Genome-wide structure model at splice sites (or other sites of interest) generated with no SHAPE constrains to the same model generated with SHAPE constrains from biological replicate 1 and biological replicate 2. Would they get the same results as Main Fig3 using predicted structures with SHAPE constrains? It is key to demonstrate the results in Main Fig3 in a different way and to show that the SHAPE data is indeed essential for these results (i.e. that -1 and -2 nt positions are open for spliced events).
[bookmark: _1wjsl9rot9uw]Response:
[bookmark: _lfdctpnvk7ly]We thank the reviewer for these suggestions for strengthening our results. To fully address the reviewer’s concerns, we performed all the analysis the reviewer suggested.
[bookmark: _kv5q71m9v5cy]Firstly, we plotted the SHAPE reactivity profiles for each replicates of the in vivo SHAPE libraries. As shown in Rebuttal Figure 2a and 2b, for both spliced and unspliced events, the SHAPE reactivity profiles of the two biological replicates are highly consistent with each other (Rebuttal Figure 2a,b) as well as our global SHAPE reactivity profiles in main Figure 3a. This further confirms the high reproducibility of the in vivo SHAPE reactivity between the two biological replicates in our libraries.
[bookmark: _40lufr2l0a8m]Furthermore, we performed RNA structure folding with (SHAPE constrained) and without SHAPE reactivity (non-SHAPE constrained) across the 5’ splice site (5’ss) for both spliced and unspliced events. The unpaired probability, derived from RNA structure folding, represents the average level of single-strandedness among all possible conformations in folding ensemble. Thus, we summarized and plotted the average unpaired probability of each position across 5’ss (Rebuttal Figure 2c,d). Consistent with the SHAPE reactivity profiles, we found that, for SHAPE-constrained structures of the spliced events, the average unpaired probability at the -1 and -2 positions were much higher than their neighboring positions (Rebuttal Figure 2c), while this phenomenon is absent in the unspliced events (Rebuttal Figure 2d, Mann-Whitney test p values are 5.3e-05 and 2.2e-16 for -1 and -2 positions of replicate 1, 3.4e-05 and 2.2e-16 for -1 and -2 positions of replicate 2, in the comparison between spliced and unspliced events). These results further indicate a higher level of single-strandedness at the -1 and -2 positions of the spliced events compared to the unspliced ones. The SHAPE-constrained structures for both biological replicates (red and blue lines) display similar patterns (Rebuttal Figure 2c,d), which indicates the high agreement between biological replicates. Notably, the average unpaired probabilities across the 5’ss in non-SHAPE constrained RNA structure folding are very different from the SHAPE-constrained structures for the spliced events (Rebuttal Figure 2c,d). This result is consistent with our previous studies and others that the in vivo RNA structure (SHAPE constrained structure) tend to be more single-stranded than the in silico predicted RNA structure (non-SHAPE constrained structure) [1-3]. It also agrees with the observation that the RNA structure tends to be more flexible and single-stranded in living cells [4, 5].
[bookmark: _evg1lkr6xyo5]
[bookmark: _pye1wnh8akx7][image: ]
[bookmark: _7369fhwjit2p]
[bookmark: _7ou4b27au08i]Rebuttal Figure 2. SHAPE reactivity and unpaired probability profiles of the two biological replicates across 5’ splice site.
[bookmark: _9uo55vacqamn]SHAPE reactivity profiles of the two biological replicates across 5’ss were plotted for spliced events (a) and unspliced events (b). SHAPE reactivity constrained and non-SHAPE constrained RNA structure folding was performed. Unpaired probability profiles across 5’ss derived from the SHAPE constrained RNA structures and the non-SHAPE constrained RNA structures were shown for spliced events (c) and unspliced events (d). The 100nt sequences flanking 5’ss were used in RNA structure folding by RNAfold in Vienna package [3]. The -1 and -2 positions upstream of 5’ss are shaded in grey.
[bookmark: _6fhe8u86vwp6]
[bookmark: _wh3xbqs48gc5]Comment 2:
[bookmark: _bpavaf93gacb]Figure 2A/B is not convincing and not appropriate for the point the authors are trying to make. By eye there is no difference in the average of the SHAPE reactivity in nuclear vs cytoplasmic (2A), and even if statistically significant, the difference is very small. This figure should be removed because nothing can be concluded from it. Even if there were a difference in the average SHAPE reactivity in all bases of all RNAs, that alone can have many interpretations (e.g. chemical reactivity differences in the nuclear and cytoplasmic, etc.). Indeed, structure changes don’t necessarily change the average signal, they change the specific distribution of the signal across nucleotides (as some bases become open in one structure but paired in another). Finally, as the distribution of signal is not well correlated between biological replicates (r2= 0.49), any small differences are meaningless.
[bookmark: _g55924lt201z]Response:
[bookmark: _9c6t3rgfdk1z]We understand the reviewer’s concern. We have removed Figure 2a,b and revised the manuscript accordingly. Please see our highlighted parts in the revised manuscript on lines 160-178, 361-374 and 851-853.
[bookmark: _q0whyrjdlsmh]Regarding the reproducibility of our SHAPE signals, please see our response to comment 1, where our SHAPE signals are highly reproducible.
[bookmark: _sqmx593y7ezu]
[bookmark: _ke07off363np]Comment 3:
[bookmark: _we8yga8lxx3f]The authors addressed some of my points but not all. The specific mutations they make are very clean and convincing, but it is in the context of an engineered stem loop not an endogenous one and in my view a single example is not enough to make genome-wide conclusions. Here are more specific points:
[bookmark: _osj5njt7is7i]
[bookmark: _733bv41xx2jy]Fig. 5 a- why do the control lines look so flat and the base line is different than the test samples? The authors response was inadequate. In fig 2A/B the authors interpret a small difference in the average reactivity but in Fig.5a the authors cannot account for a much larger difference between the base line of their control and their test samples? It seems the authors “cherry pick” which differences to interpret without good reasoning. These results also have no follow up and are based on averaging over many mRNAs, all the evidence for the polyA is weak and that should be a supplementary point.
[bookmark: _77q6wnyp9inl]Response:
[bookmark: _qmu80cmqzono]We thank the reviewer for their appreciation that “The specific mutations they make are very clean and convincing”.
[bookmark: _yuln6iouysgp]As the reviewer pointed out, we would emphasize that the analysis of polyadenylation associated RNA structure indeed serves as a supplementary point in our manuscript where we claimed that we found a genome-wide association between a SHAPE reactivity pattern and polyadenylation. We did not draw any further conclusions beyond this statement in our manuscript. This genome wide association is based on both the average SHAPE reactivity pattern (Figure 5a) and the SHAPE reactivity patterns of individual mRNAs (Figure 5c). We found two single-stranded regions (at about -20nt upstream of poly(A) sites and across poly(A) sites) based on the statistic evaluation (Fisher’s exact test, P-value = 3.1e-14 and 3.6e-6 for these two regions) (Figure 5a). No such SHAPE reactivity pattern was observed in control sites, i.e. control line is flatter than the true poly(A) site (Figure 5a).
[bookmark: _q7xdvtmaear9]To further strengthen our result, we plotted the SHAPE reactivity profiles for each biological replicate. Both SHAPE reactivity patterns and corresponding statistic evaluation agree well between the two replicates (Rebuttal Figure 3) as well as the patterns observed in Figure 5a.
[bookmark: _wyyngt1mh2yd]To confirm whether our observed average feature represents the features of individual genes, we also showed the SHAPE reactivities across poly(A) site of individual mRNAs in heatmap (Figure 5c). As shown in Figure 5c, our heatmap presentation of SHAPE reactivities across poly(A) sites clearly demonstrated that the conventional PAS (PolyA Signal) sites and cleavage sites have higher SHAPE reactivities than the flanking regions for individual transcripts (Figure 5c). By performing SHAPE constrained RNA structure folding, we also found PAS sites and cleavage sites have lower base-pairing probability (high unpaired probability) for individual transcripts (Figure 5f), which was concordant with their higher SHAPE reactivities (Figure 5c).
[bookmark: _5kligjh20obu]In addition, following the reviewer’s suggestion, we have revised our manuscript by adding “We also observed that the overall SHAPE reactivities in control sites were lower than those in true poly(A) sites, which suggested that the 3’ end of nascent mRNA before polyadenylation occurs tends to be more accessible than other genic regions in living cells. This is consistent with previous observations that single-stranded RNA features are required for recruitment of 3’ processing machinery [6]” on lines 489-493.
[bookmark: _7j7rbtn341p5]
[bookmark: _iaq24ex6rptq][image: ]
[bookmark: _t7hvby2vav51]Rebuttal Figure 3. in vivo SHAPE reactivity profiles of both replicates for ture poly(A) sites and control sites.
[bookmark: _nfqu9xs34u2]The x-axis represents the relative position to the cleavage sites. Average SHAPE reactivities i n two regions (gray shaded) were significantly (p values = 5.72e-12 and 4.59e-10 for regions upstream of poly(A) site and across poly(A) site in replicate 1; p values = 1.60e-05 and 1.19e -06 for regions upstream of poly(A) site and across poly(A) site in replicate 2, Fisher’s exact t est) higher compared to flanking regions for true poly(A) sites but not for control sites.
[bookmark: _n7uzothcgyd1]
[bookmark: _v7opf25i9bsn]Comment 4:
[bookmark: _b9vwbfj8m8fn]Rebuttal Fig 6 and Fig7a did not address my concerns. In Fig.6 , why are all the bases -50 to -44 , with SHAPE signal of exactly 1.0? This doesn’t make sense unless the authors have cut off the y-axes scale or performed some normalization that caps the signal at 1.0 but that should be clearly stated and justified.
[bookmark: _a6k8hb48puwu]Also, the region shown in 6a should correspond exactly to the region shown in 7a (which starts earlier at around -80nt). It is important to show the raw data for the very reactive loop at ~60nt as well.
[bookmark: _78xyjitl3a8r]Rebuttal Fig.7a should be color coded by SHAPE reactivities, it doesn’t make sense to suddenly change the color scale and show purely computational prediction. It should be the same color scale as used in other figures (Main Fig 1-5, SHAPE scale) and the structure should be derived from the SHAPE data.
[bookmark: _silh20rqnlpn]Response:
[bookmark: _sxqisnc8cmqz]Thanks for the referee’s comment. Our SHAPE reactivity values were rescaled to 0-1 after removing the outliers by 90% winsorization, which is the normalization methods used in previous genome-wide RNA structure studies [4, 5, 7]. This method is widely used in global RNA structure studies, which allows the comparisons among RNAs of different length [4, 5, 7, 8]. We described this in the Method part on lines 600-601. In addition, we have showed that our SHAPE reactivity profiles agree well with the U1 snRNA, U12 snRNA and previously reported mRNA structure models, which confirmed that our SHAPE reactivity can accurately reflect the in vivo RNA secondary structure (Figure 1, Figure S6).
[bookmark: _e3mzdcrfs80t]The unpaired probability is the counterpart of SHAPE reactivity in RNA structure folding and reflects the thermodynamic status of folding ensemble. To address the reviewer’s previous concern regarding if the -1 and -2 positions are single-stranded in the thermodynamically stable structure (MFE RNA structure), we colour-coded the RNA structure model with unpaired probability in previous Rebuttal Fig.7a. Here, we added the colour-coded RNA model with SHAPE reactivity values according to the reviewer’s suggestion, which is shown in Rebuttal Figure 4. The SHAPE reactivities from -100 to 100 positions of the MFE RNA structure model were also shown in Rebuttal Figure 5.
[bookmark: _z17fexa58r9k]
[bookmark: _j14401n82oe9][image: ]
[bookmark: _gpgenicp89op]Rebuttal Figure 4. Minimum free energy RNA structure at the 5’ss of AT5G56780 intron 1 folded by RNAfold.
[bookmark: _x0scxy6ly2dk]The minimum free energy (MFE) RNA structure for the exon-intron region of AT5G56780 intron 1 was generated by RNAfold program in ViennaRNA Package. The in vivo SHAPE reactivity values are color-coded and aligned to the MFE RNA structure (SHAPE reactivity 0.6-1.0 marked in red, 0.3-0.6 marked in yellow, 0-0.3 marked in green). The -1 and -2 positions are all single-stranded in the MFE RNA structure.
[bookmark: _ofuewis7mi4]
[bookmark: _us9dlv8t6pgl][image: ]
[bookmark: _yvozlvjvlair]Rebuttal Figure 5. The SHAPE reactivity values across the 5’ss of the first intron of
[bookmark: _ea2dt99pnd3y]AT5G56870
[bookmark: _7115db47chn8]The x-axis represents the relative positions across the 5’ss.
[bookmark: _twusueapod6j]
[bookmark: _gu0i0pg864v7]Comment 5:
[bookmark: _yg11k2i8ep4w]The conclusions derived from the specific mutations (Fig4) are interesting and exciting. However, the authors need to strengthen the data to support generalizing these results. For example, if they look at all the endogenously spliced events, exactly how many are predicted to have an open -1 and -2 nt positions? How many are outliers? Is there an explanation for the outliers? Inversely for the unspliced events. Fig3 currently provides weak evidence, showing that, on average, all spliced events tend to have higher SHAPE reactivity at the -1 and -2nt but how does this average break down to individual endogenous messages?
[bookmark: _5gi8f533s39]Response:
[bookmark: _ooyu4idw8wpn]We thank the reviewer for their appreciation that “The conclusions derived from the specific mutations (Fig4) are interesting and exciting” and for their valuable suggestions. We have performed further analysis to strengthen our conclusions.
[bookmark: _5l1caogvtg13]We performed in vivo SHAPE-constrained RNA structure folding and classified the folded MFE (minimum free energy) RNA structure models according to the folding status of - 1 and -2 nt positions. For spliced events, about 71% were predicted to be single-stranded at both -1 and -2 positions and only 8% of the predicted MFE structures were double-stranded at these two positions (Rebuttal Figure 6, left panel). In contrast, only 11% of the unspliced events were predicted to be single-stranded at both -1 and -2 nt positions (Rebuttal Figure 6, right panel). Thus, the single-strandedness at the -1 and -2 positions upstream of 5’ss represents a general RNA structure feature of spliced events.
[bookmark: _eikg90yugczc]
[bookmark: _t3st33fw7oqy][image: ]
[bookmark: _wxjvpblx72ri]
[bookmark: _wums5x1xbt5]Rebuttal Figure 6. Summary of the folding status of -1 and -2 positions upstream of 5’ss for spliced and unspliced events.
[bookmark: _ynw2c9gaygsl]The minimum free energy (MFE) RNA structures were generated by in vivo SHAPE constrained folding with RNAfold program in ViennaRNA Package [3]. The folding status of - 1 and -2 nt positions of all the MFE structures were summarized for both spliced and unspliced events.
[bookmark: _pnd2kp3j98s8]We did observe a small proportion of outliers. About 8% of the spliced events were predicted to be double-stranded at -1 and -2 positions in MFE structure models (Rebuttal Figure 6, left panel). The -1 and -2 positions of about 11% of the unspliced events were predicted to be single-stranded in MFE structure models (Rebuttal Figure 6, right panel). Many previous individual studies indicated that splicing can be regulated by many different factors, such as splicing factors [9-11], mRNA modifications [12, 13] and Pol II elongation rate [14]. For example, AT2G16940 and AT4G13850, two unspliced outliers in our study, were found as the targets of splicing suppressor AtPTB1 and AtPTB1 [9]. The splicing of AT4G02725 was suggested to be promoted by two splicing factors SC35 and SCL in Arabidopsis [10]. It is not surprise that there were some outliers since RNA structure is not the only factor affecting splicing. The relationship between other factors and RNA structure features will be an interesting question which requires new hypotheses and further study in the future.
[bookmark: _v6dtsbmu014c]In addition, to address the reviewer’s concern on whether the average SHAPE reactivity feature can represent the SHAPE reactivity features of individual mRNAs, we further plotted the SHAPE reactivities for each individual mRNAs with heatmaps (Rebuttal Figure 7 (new Figure S10)). As shown in Rebuttal Figure 7, significant patterns of higher SHAPE reactivities at -1 and -2 positions were observed among most spliced events but not unspliced ones, which is consistent with the average SHAPE reactivity pattern observed in Figure 3a. Taken together, our new results strongly support that the single-strandedness at -1 and -2 positions upstream of 5’ss of spliced events is a general phenomenon at whole-genome scale.
[bookmark: _898poi6s3jy9]
[bookmark: _kz8hk17dpo1o][image: ]
[bookmark: _ycohrsi4oyws]Rebuttal Figure 7 (new Figure S10). Heatmaps showing the SHAPE reactivities across 5’ss for spliced and unspliced events.
[bookmark: _xtl30qrxipq]In vivo SHAPE reactivities across 5’ss were color coded for each individual mRNAs and shown in heatmap. The gradient color from light to dark red represents SHAPE reactivities from low to high.
[bookmark: _g1rvc4ixqb0j]
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